Azotobacter vinelandii ferredoxin I is a small protein that contains one [4Fe-4S] cluster and one cluster. Recently the x-ray crystal structure has been redetermined and thefdxA gene, which encodes the protein, has been cloned and sequenced. Here we report the site-directed mutation of Cys-20, which is a ligand of the 
to adopt equally diverse structures. This is evident in their molecular weights, which range from 6000 in bacterial ferredoxins to 300,000 or more in multimeric enzymes, and in the existence of multiple types of [Fe-SI clusters containing different numbers of Fe atoms. Although it is known that the structures, redox properties, and chemical reactivities of protein bound [Fe-SI clusters are highly dependent on the associated polypeptide structure, the rules governing these interrelationships are as yet very poorly understood (1) .
To elucidate the relationships between primary structure and [Fe-SI cluster structure and reactivity, we have produced site-directed mutant versions ofAzotobacter vinelandii ferredoxin I (AvFdI) [nomenclature of Yoch and Arnon (2) ]. The structure of AvFdI has been redetermined (3) (4) (5) (2, (6) (7) (8) . The 1+/2+ redox potential of the [4Fe-4S] is much lower (7) . Studies of the analogous Azotobacter chroococcum ferredoxin I (FdI) show that its [4Fe-4S] has one of the lowest potentials (about -645 mV) so far reported for a biological [Fe-S] cluster (9) . Here we report the site-directed mutation of cysteine residue 20, which is a ligand of the [4Fe-4S] cluster, to an alanine and the characterization of the mutant protein by x-ray crystallography11 and spectroscopic methods.
METHODS
Mutagenesis of fdrA and Expression of the Altered FdI. A mutant strain of A. vinelandii, LM100, which does not express FdI, does not exhibit a detectable phenotype (10) . It was therefore necessary to use indirect mutagenesis and expression procedures to mutate thefdxA gene and express the altered FdI protein. This was accomplished in several steps. In the first step, the clonedfdxA gene (10) was isolated and then fused to the nif structural gene cluster from A. vinelandii in plasmid pDB6, which carries the entire A. vinelandii nif structural gene cluster as well as flanking regions (11) . This fusion resulted in the deletion of the entire nifW gene and the amino-coding portion of the nifD gene and placed fdxA gene expression under the control of the nifH promotor. The fused nif-fdx region was then cloned into M13mpl8 and single-stranded DNA from the resultant hybrid phage was used for site-directed mutagenesis of the fdxA gene (see below). Once the desired mutation was introduced into thefdxA coding region and the sequence was confirmed by dideoxynucleotide DNA sequencing, the nif-fdxcontaining DNA fragment was isolated and recloned into the hybrid plasmid (pDB6) used for the original fdx-nif gene fusion construction. Plasmid DNA (pDB213) and crude wildtype A. vinelandii rifampicin-resistance genomic DNA were then mixed (about 50 and 1.0 ,g, respectively) and added to competent cells ofA. vinelandii strain LM100, which contain a kanamycin cartridge within thefdxA gene and is FdI- (10) . Transformed cells were recovered by plating on Burk medium (14) supplemented with ammonium acetate (30 mM) and rifampicin (5 ,ug/ml). Strains that had recombined the altered fdxA gene into the nifregion were subsequently identified by scoring for rifampicin-resistant transformants that were also Nif. These strains were also kanamycin-resistant. A detailed description of the gene replacement procedure is found elsewhere (12) . The resultant strain (C20A; Fig. 1 (14) . The mutant protein was purified using the same method used to obtain single crystals of the native protein (4) raphy by using essentially the same conditions as for the native protein (15) , except that all procedures were carried out anaerobically. Crystals were mounted under anaerobic conditions in 1.0-mm sealed glass capillaries by using a synthetic mother liquor of 0.1 M Tris HC1 (pH 8 For comparison of the structures (Fig. 2) , coordinates for the native structure were taken from the 1.9-A resolution refinement (5) . Proc. Natl. Acad. Sci. USA 87 (1990) (Fig. 2a) 
verywhere except at residues 22-24 and 46 (Fig. 2b) . The altered torsion angles remain within allowed regions of the Ramachandran plot.
Spectroscopy. EPR spectra were obtained using a Bruker ESR-200D, interfaced with an Oxford ESR-9 flow cryostat. Absorption and circular dichroism (CD) spectra were obtained using a Cary 17 and a Jasco J-500C (7, 19) .
C20A FdI was examined in the Na2S204-reduced and 02-oxidized states. Anaerobically obtained triclinic crystals of C20A FdI were redissolved in degassed 100 mM potassium phosphate (pH 7.4) containing 2 mM Na2S204. After anaerobic spectroscopy, the protein was allowed to air-oxidize. Oxidation was monitored by EPR and was repeated until no EPR increase was seen (z30 min thawed time). After spectroscopy Na2S204 was added to a concentration of 2 mM. After a 30-min incubation, spectra were identical to those measured initially. The extinction coefficient of oxidized C20A FdI has been assumed to be identical to that of native FdI, E4W = 29,800.
RESULTS AND DISCUSSION
Proteins that contain [4Fe-4S] clusters can often be recognized by the presence of a -Cys-Xaa-Xaa-Cys-Xaa-Xaa-Cyssequence, which supplies three of the four cluster ligands (1, 20) . The fourth ligand is supplied by a single cysteine residue from some remote portion of the protein that is frequently part of a -Cys-Pro-Val-sequence (20 Fig. 3 A, nm protein is trans, a rarer but allowed conformation observed in Chromatium vinosum high-potential iron protein (HiPIP) (22) and Spirulina platensis [2Fe-2S] ferredoxin (23) . The rearrangement of the structure in the C20A protein leads to several new interactions. Compared to the native protein, six hydrogen bonds are lost, three are gained, and seven involving residues 18-25 and residues 38-46 are preserved (5). The new position of the Asp-23 side chain in proximity to the Glu-38 side chain (Fig. 2a) is apparently the cause for its becoming disordered; the density for this residue is very weak (Fig. 3b) . Overall (Fig. 4) . The Cys-Cys-Cys moiety (residues 39, 42, and 45, respectively) moves as a stereochemically restrained grouping hinged at Glu-46; the 47 atoms of residues 39-45 can be aligned to within 0.17 A. The trans conformation at Cys-Phe (residues 24 and 25, respectively) (25) and after mutation of two conserved cysteine residues (nifD, position 183, and nifK, position 153) to serines in the A. vinelandii nitrogenase molybdenum-iron protein (26) . Thus, in both cases alteration of putative cluster ligands resulted in the production of active enzyme (25, 26) . Stability and Redox Properties. There are two features of the [4Fe-4S] cluster of the C20A protein that might be expected to affect its stability, redox properties, or both (20, 27) .
EPR and near-UV/visible absorption and CD spectra were obtained for the Na2S204 reduced and 02-oxidized states of C20A FdI. The absorption spectrum of C20A FdI is very similar to that of native FdI in both oxidation levels ( Fig. 5 A  and C) . The complete reversibility of the changes demonstrates that, like native FdI, C20A FdI is 02-stable.
The CD spectra of [Fe-S] proteins show substantially more structure than the corresponding absorption spectra. Since the CD of achiral [Fe-S] clusters originates in their chiral protein environment, CD generally varies significantly with protein (19) . The CD of C20A FdI differs substantially from that of native FdI in both oxidation levels ( Fig. 5 B and D) . This large change in CD is consistent with significant rearrangement of the environment of the [4Fe-4S] cluster and is presumably due to changes in protein 0, 4i torsion angles and to the trans conformation of the Cys-24 ligand versus the normal g+ for Cys-20.
The EPR of oxidized C20A FdI was found to be very similar in g-value, shape, temperature dependence, and microwave power dependence to that of oxidized native FdI (Fig. 6) FdI is unknown, the data demonstrate that it is still inaccessible to reduction by dithionite at pH 7.4.
